Interference with dendritic cell (DC) maturation and function is considered to be central to measles virus (MV)-induced immunosuppression. Temporally ordered production of chemokines and switches in chemokine receptor expression are essential for pathogen-driven DC maturation as they are prerequisites for chemotaxis and T cell recruitment. We found that MV infection of immature monocyte-derived DCs induced transcripts specific for CCL-1, -2, -3, -5, -17 and -22, CXCL-10 and CXCL-11, yet did not induce CXCL-8 (interleukin-8) and CCL-20 at the mRNA and protein level. Within 24 h post-infection, T cell attraction was not detectably impaired by these cells. MV infection failed to promote the switch from CCR5 to CCR7 expression and this correlated with chemotactic responses of MV-matured DC cultures to CCL-3 rather than to CCL-19. Moreover, the chemotaxis of MV-infected DCs to either chemokine was compromised, indicating that MV also interferes with this property independently of chemokine receptor modulation.
Interference with dendritic cell (DC) maturation and function is considered to be central to measles virus (MV)-induced immunosuppression. Temporally ordered production of chemokines and switches in chemokine receptor expression are essential for pathogen-driven DC maturation as they are prerequisites for chemotaxis and T cell recruitment. We found that MV infection of immature monocyte-derived DCs induced transcripts specific for CCL-1, -2, -3, -5, -17 and -22, CXCL-10 and CXCL-11, yet did not induce and CCL-20 at the mRNA and protein level. Within 24 h post-infection, T cell attraction was not detectably impaired by these cells. MV infection failed to promote the switch from CCR5 to CCR7 expression and this correlated with chemotactic responses of MV-matured DC cultures to CCL-3 rather than to CCL-19. Moreover, the chemotaxis of MV-infected DCs to either chemokine was compromised, indicating that MV also interferes with this property independently of chemokine receptor modulation.
Hallmarks of measles virus (MV)-induced immuno-
suppression include lymphopenia and proliferative unresponsiveness of peripheral blood lymphocytes to mitogens (Griffin et al., 1994; Schneider-Schaulies & ter Meulen, 2002) . The ability of myeloid dendritic cells (DCs) to both initiate T cell activation and mediate viral transport to secondary lymphatics has determined that they are central to MV-specific immunity and immunosuppression (Pollara et al., 2005; Steinman et al., 2003) . MV targets CD150 + haematopoetic cells (Condack et al., 2007; de Swart et al., 2007) , and in experimentally infected macaques, mucosal DCs replicate MV in vivo (de Swart et al., 2007) . DCs are generated from precursors and they mature upon MV exposure in vitro (Dubois et al., 2001; Fugier-Vivier et al., 1997; Grosjean et al., 1997; Kaiserlian et al., 1997; Schnorr et al., 1997; Servet-Delprat et al., 2000) , this involves toll-like receptor (TLR) signalling and type I interferon (IFN) (Minagawa et al., 2001; Schnorr et al., 1997; Servet-Delprat et al., 2000; Shingai et al., 2007) . MV-matured DCs (MV-DCs) fail to promote allogenic T cell expansion, which results from signalling by the viral glycoproteins expressed on the DC surface to T cells (Kerdiles et al., 2006; Schneider-Schaulies & Dittmer, 2006; Schneider-Schaulies et al., 2003; Servet-Delprat et al., 2003) .
Maturing DCs change their responsiveness from initially pro-inflammatory to lymphoid-type chemokines (reflected by a switch from CCR5 to CCR7 surface expression) which allows egress from peripheral sites where they respond to CCR5-binding chemokines, such as CCL-3, and migration towards secondary lymphatics in response to CCR7-binding chemokines, such as CCL-19 (Caux et al., 2002; Sallusto et al., 1998; Sozzani et al., 1998) ; alterations in chemokine release also occur (Piqueras et al., 2006) . DC chemotaxis is targeted during immune evasion by vaccinia virus, human cytomegalovirus (HCMV), herpes simplex virus (HSV) and influenza A virus (Humrich et al., 2007; Moutaftsi et al., 2004; Prechtel et al., 2005; Salentin et al., 2003; Varani et al., 2005) , but it is not known whether MV modulates these properties too.
To assess chemokine production, RNA was extracted from DCs (generated from monocytes) 8 h after exposure to lipopolysaccharide (LPS) (LPS-DCs), wild-type MV (WTF) or vaccine strain Edmonston (ED) (both MV-DCs) or a MOCK extract (MOCK-DCs). Full methods are given in Supplementary Methods (available in JGV Online). OdTprimed cDNA was used as template for amplification of chemokine-and actin-specific transcripts (Real et al., 2004;  Supplementary Table S1, available in JGV Online). CCL-1, CCL-2, CCL-3, CCL-5, CCL-17, CCL-19 and CCL-22 (compared to MOCK-DCs) were induced in both MV-DC cultures and LPS-DCs to comparable levels (Fig. 1a) . CXCL-10 and CXCL-11 were specifically detected in LPSand ED-DCs and CCL-4 and CCL-18 were specifically detected in WTF-DCs. TLR binding by WTF may account for CCL-4 production (also referred to as MIP-1b), which is inducible by TLR2/4 signalling (Bieback et al., 2002) , yet mechanisms underlying production of CXCL-10, CXCL-11 or CCL-18 remain unclear. These are induced secondary to Piccioli et al., 2007; Piqueras et al., 2006; Sabatté et al., 2007; van Lieshout et al., 2006) , and though type I IFN induction by attenuated MV strains has been observed and release of IL-10 from MV-DCs has not been shown reproducibly (Dubois et al., 2001; Klagge et al., 2000 Klagge et al., , 2004 Servet-Delprat et al., 2000; Shingai et al., 2007) , it is unlikely that both cytokines contribute to chemokine induction 8 h post-infection.
In MV-DCs, levels of CCL-20 and CXCL-8 remained substantially lower than in LPS-DCs (Fig. 1a) . Similarly, CCL-20 and CXCL-8 were not or barely detectable, respectively, by ELISA of supernatants (SNs) harvested after 6 and 24 h (Fig. 1b) . Additionally, CCL-20 was not induced by higher virus doses (not shown). In contrast, CCL-20 transcripts were found to accumulate in MV-infected DCs in a microarray-based study (Zilliox et al., 2006) . Given the reproducibility of our assay systems for LPS-DC SNs, technical issues are unlikely to account for this discrepancy. Instead, source, virus dose and infection efficiencies may be important. While we consistently found that more than 60 % (for WTF) and 45 % (for ED) of DCs stained positive for MV H protein (Schnorr et al., 1997; Klagge et al., 2004; Fig. 2c ) using an m.o.i. of 1, the CD46-adapted strain used for the microarray study did not detectably replicate within 24 h, despite using an m.o.i. of 5 (Zilliox et al., 2006) . ) for 6 days] to LPS (100 ng ml "1 ), wild-type MV (WTF) or attenuated MV (ED) (each at an m.o.i. of 1) or a MOCK preparation. RNA was reverse transcribed using OdT-primers and subsequently used as template to amplify CCL and CXCL chemokines, B lymphocyte chemoattractant (BLC), lymphotactin and actin using specific primers (Real et al., 2004; Wesa & Galy, 2002; Supplementary Table S1 5 T cells were seeded in 100 ml volume and separated by a 5 mm polycarbonate filter from the lower compartment, which contained untreated medium (RPMI/10 % FCS), SNs of DCs exposed to LPS, WTF (m.o.i. of 2) or mock for 24 h or medium containing 1 mg ml "1 stromal cell-derived factor-1. The proportion of CD3 + -or CCR6 + -positive cells (black and grey bars, respectively) that migrated to the lower compartment after 3 h at 37 6C was determined by flow cytometry using TruCount tubes. Values shown were generated in three independent experiments (using different donors), all performed as triplicates. Results are mean±SD. Significance levels were determined by a paired t-test (*P¡0.05; **P¡0.01).
Chemoattraction of SNs of MV-DCs (obtained 24 h after exposure to LPS-DCs, MOCK-DCs or WTF) was determined using transwell chambers. T cells efficiently migrated towards a CXCR4 ligand (SDF-1, used as motility control) and this did not differ between the bulk CD3 + and its CCR6 + subpopulation (comprising 27, 54, 25 or 28 % of the donors CD3 + populations) predicted to migrate towards the CCR6 ligand CCL-20 (Fig. 1c) .
LPSand WTF-DC SNs recruited CD3
+ T cells more efficiently than the medium control. Surprisingly, CD3 + CCR6 + T cells responded equally to LPS-or MV-DC SNs (Fig. 1c) , indicating that the tested concentrations of CCL-20 (including LPS-DC SN) were insufficient for specific attraction of CCR6 + T cells. However, since exogenous addition of recombinant CCL-20 to either DC SN only marginally improved T cell attraction of bulk CD3 + T cells or their CCR6 + subsets (data not shown), the ability of this chemokine to mobilize T cells in this assay seems to be limited. Altogether, these findings indicate that MV-and LPS-DCs differ in their chemokine profiles, particularly with regard to CCL-20 and CXCL-4, yet this does not affect T cell attraction.
Chemokine-guided trafficking of mature DCs towards secondary lymphatics relies on switching CCR5 to CCR7 (Caux et al., 2002; Ohl et al., 2004; Sallusto et al., 1998; Sozzani et al., 1998) . To establish whether this is promoted by MV, CCR5 and CCR7 expression was analysed. Immature DCs (IDCs) were left untreated or exposed to LPS, mock extract or MV (m.o.i. of 1) for 6 or 24 h. Major histocompatibility complex class II and CD86 were upregulated on both MV-and LPS-DCs (data not shown; Servet-Delprat et al., 2000; Shishkova et al., 2007) , and, as expected, the latter lost CCR5 and gained CCR7 expression ( Fig. 2a and b) . In contrast, MV-DCs largely retained CCR5 surface expression at 24 h (Fig. 2a) and CCR7 levels only slightly exceeded those on MOCK-DCs (Fig. 2b) . Our findings were corroborated by RT-PCR analyses performed on RNA extracted after 24 h, which showed that LPS, but not ED or WTF, augmented accumulation of CCR7 [ Fig. 2d ; normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH)].
To determine the chemotactic responses of MV-DCs, these cells were applied to the upper compartment of transwell filters and the proportion of cells migrating to the lower compartment containing either CCL-3 (250 ng ml
21
) or CCL-19 (500 ng ml 21 ) was determined after 2.5 h. The overall motility of DCs varied considerably between donors which was common to all migration assays performed . The proportion of CCR5-and CCR7-expressing cells was determined using specific phycoerythrin (PE)-conjugated antibodies. MV H protein-expressing cells were detected with an MV H protein-specific antibody and goat anti-mouse secondary antibody labelled with fluorescein isothiocyanate or PE. Flow cytometric analyses were performed using a FACS Calibur and CellQuestPro software. (d) RNA isolated from DCs exposed to mock, LPS, ED or WTF (each at an m.o.i. of 1) after 24 h was used as template for detection of CCR7-, MVor GAPDH-specific transcripts by RT-PCR. Primers used for amplification of CCR7 (Prechtel et al., 2005) , MV (universal morbillivirus primer; Brown et al., 2005) and GAPDH (Wesa & Galy, 2002) are indicated in Supplementary Table S1 .
( Fig. 3a) , therefore individual experiments rather than averages are shown. In line with their CCR5/CCR7 expression levels (Fig. 2a) , LPS-DCs rapidly lost their chemotactic response to CCL-3, while the response of MVDCs and MOCK-DCs only declined after 24 h (Fig. 3a) ; LPS-DCs efficiently migrated towards CCL-19 while the responses of MOCK-and MV-DCs remained low (Fig. 3b) . To analyse whether the migratory capacity of MV-infected DCs was specifically affected, the frequency of MV N protein-expressing cells was determined in both compartments of the transwell filter. Interestingly, MV-infected DCs were always under-represented in the lower compartment irrespective of the chemokine analysed and the percentage of infected cells initially applied (this varied between 23 and 54 %) ( Fig. 3c and d) . These findings imply that chemotactic migration of MV-DCs is generally impaired; in addition, CCL-19-mediated attraction is specifically blocked due to the absence of CCR7 on infected DCs.
Impairment of chemotactic responses to CCR7 chemokines could substantially contribute to immune evasion and suppression because it limits homing of virus-matured DCs to secondary lymphatics. It is therefore not surprising that viruses other than MV (including HSV-1, HCMV and vaccinia virus) also failed to upregulate CCR7 on infected DCs (Humrich et al., 2007; Moutaftsi et al., 2004; Prechtel et al., 2005) , though this is not understood on a mechanistic basis. As CCR7 is regulated by NF-kB, AP-1 and also MAPK (Ardeshna et al., 2002; Hopken et al., 2002; Mathas et al., 2002) , induction of CCR7 can be dissociated from that of most other maturation markers in both DCs and Langerhans cells (Geissmann et al., 2002; Hegde et al., 2004) . DC-SIGN and TLR signalling can activate the NFkB and MAPK pathways in DCs (Caparros et al., 2006; Gringhuis et al., 2007; Hodges et al., 2007) , yet in spite of its ability to interact with both receptors, wild-type MV fails to promote CCR7 induction (Bieback et al., 2002; de Witte et al., 2006) . IL-10 can interfere with efficient CCR5/ CCR7 switching in DCs (D'Amico et al., 2000; Geissmann et al., 2002; Hegde et al., 2004) , although its contribution to the retention of CCR5 on MV-DCs is questionable because we and others have failed to detect production of this cytokine early after MV infection (Klagge et al., 2004; Servet-Delprat et al., 2000) .
Independently of their chemokine receptor expression, MV-infected DCs were generally compromised in their ability to migrate ( Fig. 3c and d) . In T cells, interference with cytoskeletal rearrangements occurs as a consequence of MV surface contact or direct infection (Dittmar et al., 2008; Muller et al., 2006) in which activation of small GTPases was generally impaired. Though it occurred less efficiently than in LPS-DCs, MV-DCs migrated on fibronectin-coated slides in a Rac-1-dependent manner, indicating that MV does not generally abolish Rho GTPase activation. Moreover, MV infection does not detectably impede acquisition of the polarized, migratory phenotype of DCs (Shishkova et al., 2007) . Though integrindependent cytoskeletal rearrangements are unaffected, those promoted by other signals also required for directed migration might be affected, including those solely driven by actin network expansion (Lammermann et al., 2008) or alternative Ga q -dependent chemokine receptor signalling pathways (Shi et al., 2007) .
